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Abstract 
Orthophosphate silver with superior quality and quantum size effect is elaborated by 
precipitation from phosphate precursors. The powders were investigated by X-ray diffraction, SEM-EDS, 
FTIR, thermal analysis, and diffuse reflectance.  Spherical like Ag3PO4 particles with size between 0.8 to 
10 μm were obtained. The powders crystallize in a cubic symmetry and the smaller crystallites are 
obtained with Na2HPO4. The optical gap, determined from the diffuse reflectance spectra through the 
Kubelka-Munk function, lies between 2.05 and 2.30 eV.  
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1. Introduction 
Electrical characteristics of solar cells depend on the realization process and particularly on the nature 
of the paste and the quality of the front electrical contacts. These contacts are performed using the screen 
printing technology [1, 2] which reduces the fabrication time, the number of steps and the energy 
consumption with respect to conventional methods. Therefore, the technique offers the advantage of low 
cost solar cells [3, 4] but requires a good knowledge of the physico-chemical properties of the pastes. In 
this optic, Ag3PO4 is added to the silver powder to improve the electrical conductivity through the 
metallization of the front contact. Indeed, the metallization is a major efficiency-limiting and cost-
determining step in solar cells processing [5]. Selective-emitter could be a solution as it includes a low 
contact resistance due to heavy doping underneath the metal grid, improves the front-surface passivation 
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of the lightly doped region between the grid and reduces the recombination surface under the metal 
contact [6]. However, this selective emitter is difficult to achieve via one-step process. Recently, some 
innovative techniques to form a screen-printed selective-emitter cell have been reported [7]. They can be 
divided in three categories i) selective-emitter cells fabricated via masking and etching ii) selective-
emitter cells fabricated by self-alignment without the need for masking or etching [8] iii) selective-emitter 
cells fabricated by self-aligned self-doping Ag pastes [9, 10]. The main power losses are due to grid 
shadow and particularly to the series resistance (Rs). In order to minimize the resistance Rs, the grid 
dimensions as well as the nature and the firing process of the pastes must be optimized. Moreover, the 
grid must occupy a surface as small as possible in order to collect most incident photons with a maximum 
output power.  
The techniques (i) and (ii) are time consuming and somewhat expensive [11]. By contrast, the 
technique (iii) seems to be the most suitable. Using the latter, it is aimed to prepare a conductive paste for 
the grid metallization containing phosphorus in the desired proportion. Silver powder is melted with 
Ag3PO4, the latter is an advantageous choice as it has environment friendly characteristics, can be readily 
precipitated as bright yellow crystalline powder (Ks ~ 10-18) and exhibits a thermal stability. However, 
careful attention must be taken for its synthesis. Among the tried methods, the chemical precipitation is 
attractive in that it allows a better control of the morphology, a narrow size distribution and small 
crystallite size. The main question to be settled is whether the precursor influences the crystallite size and 
in this way the morphology. The samples are nominally stoichiometric when prepared with a molar ratio 
[Ag]/[P]= 1/1, in which the technique is intentionally chosen to prevent the agglomeration and 
segregation. The aim of this work is to prepare the powder from different precursors and to determine 
their influence on the physical properties of Ag3PO4 [12]. 
 
2. Experimental 
The starting materials used were of analytical grade from Sigma Aldrich, i.e. AgNO3, Na2HPO4, 
KH2PO4 (Merck) and H3PO4 (Prolabo). Ag3PO4 powders were prepared with chemical process [13, 14]. 
Powders with ultrafine particles are obtained by precipitation from AgNO3 with Na2HPO4, KH2PO4 and 
H3PO4. Fresh solutions containing the desired proportions of AgNO3 are daily prepared and the phosphate 
precursor is added drop wise under moderate magnetic agitation. The yellow precipitate is filtrated, 
thoroughly washed with water and dried at 80 °C. The powders are labeled PA1 for Na2HPO4, PA2 for 
KH2PO4 and PA3 for H3PO4. The phases are identified by X-ray diffraction (D8 Advance Brucker AXS) 
using Cu KĮ radiation (O = 0.154178 nm) with a scanning rate of 0.5° in 2T°/min. A set of 
complementary techniques is used to characterize the powders. Thermal analysis (TGA) is performed on 
a Setaram thermo-gravimetric analyzer at a heating rate of 2°C/min. the infrared spectra (FTIR) are 
recorded on a Thermo-Nicolet 380 spectrometer in the range (400-4000/cm) using the KBr routine 
technique. The powder morphology is observed by scanning electron microscope (SEM, Phillips XL30). 
Compositional analysis is carried out by the energy dispersive spectroscopy (EDS) at an accelerating 
voltage of 25 kV. The diffuse reflectance spectra are recorded with a Varian Cary 500 spectrophotometer.  
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3. Results and discussion 
The chemical homogeneity and the stoichiometry are dependent on the conditions of the preparation. 
Therefore, we have opted for the precipitation which involves reaction between AgNO3 and phosphate 
salt in aqueous solution which provides homogeneous powder and prevents segregation phases.  
3.1. X-Ray Diffraction 
The X-ray diffraction profiles of the as synthesized samples are characteristic of single phases (Fig. 1). 
The patterns have noticeably narrow peaks and are therefore well crystallized. The peaks are indexed on 
the basis of a cubic unit cell in agreement with the JCPDS card N° 12-4563. Ag3PO4 crystallizes in an 
unusual structure where each Ag+ is octahedrally coordinated by four oxygen atoms at 0.234 nm and to 
Ag+ at 0.288 nm. The lattice constants are gathered in table 1 along with the main physical properties. 
Silver has relatively a low affinity for oxygen but forms complexes with elements of group IV of the 
periodic table with an appreciable covalent character. The length P=O (0.16 nm) is large, leading to ~ 0.2 
S bond per V bond. The crystallite sizes (D) (Table 1) are evaluated from the broadening (E) of the most 
intense XRD peak (210) through the empirical relation (1): 
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Fig. 1. XRD patterns of the samples PA1from Na2HPO4, PA2 from KH2PO4and PA3from H3PO4. 
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3.2. Morphology observation 
The growth of Ag3PO4 is achieved by diffusion where the precursor concentration and the reaction 
temperature are two crucial factors that govern the nucleation process. The SEM micrographs show grains 
with different sizes and shapes (Figs. 2a, 2b, 2c), one can notice that some facets start just to appear, due 
presumably to the short reaction time. It is worthwhile to notice that for the same sample the grains are 
homogeneous. On the contrary, for the powder PA2 (KH2PO4), the grains are slightly larger (~1 μm) with 
various forms. The EDS spectra (Figs. 3a, 3b, 3c) reveal the presence of all elements with compositions 
close to the nominal ones. 
3.3. Thermal analysis 
The thermogram shows that the onset of conversion of amorphous powder to crystalline Ag3PO4 
occurs at room temperature. The small loss in the TGA plot is originated from the water removal. The 
material exhibits a thermal stability and no decomposition occurs up to 750 °C (Fig. 4 curve a). The peak 
at 520 °C in the DTA plot (Fig. 4 curve (b)) corresponds to the allotropic transition to the high 
temperature phase (JCPDS N° 30-1137) and not to the melting of nanoparticles as previously claimed by 
Thomas and al. [13].  
3.4. FTIR analysis 
The FTIR spectra (Fig. 5) of Ag3PO4 are very close to those reported in the literature. The broad band 
at 1002 cm-1 is due to P-O stretching vibrations. The band between 3700 and 2500 cm-1 is attributed to the 
stretching vibration of P-OH, indicating probably the presence of some starting products. The peaks at ~ 
800 and 1650 cm-1, easily visible for the sample PA3, are attributed to the bond vibration of PO3. The 
peak centered at 1385 cm-1 in PA1 and PA3 samples corresponds to vibrations of some unreacted AgNO3 
group [15].  
 
 
Table 1. The main physical properties of Ag3PO4 
Powder Lattice  
constant (Å) 
Cristallite size 
(nm) 
Grain size 
(μm) 
Gap  
(eV) 
PA1 (Na2HPO4) 6.0038 91 0.8-0.9 2.30 
PA2 (KH2PO4) 6.0149 74 1.5 2.06 
PA3 (H3PO4) 6.0120 73 10 2.05 
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Fig. 2. SEM micrographies of powders: (a) PA1from Na2HPO4, (b) PA2 from KH2PO4, (c) PA3 from H3PO4 
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Fig. 3.EDS spectrum of powders: (a) PA1, (b) PA2, (c) PA3 
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3.5. Optical properties 
The optical gap (Eg) is obtained from the diffuse reflectance spectra (Fig. 6) using the Munk-Kubelka 
function [16]:  
s
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R = (I/Io)diffuse is the diffuse reflectivity from an infinitely thick layer (about 2-3 mm) and k the 
absorptivity (cm-1), the scattering factor (s) is independent of the wavelength for particle sizes larger than 
the wavelength of the light. The gap Eg is determined by extrapolating the linear portion of the curve 
(F(R)*(hQ))n to hQ-axis; the transition is directly allowed (n= 2) and varies from 2.05 to 2.30 eV 
depending on the precursor, the differences are due to the quantum size effect (Table 1). The optical 
emission of the quantified colloidal crystallites is blue shifted as the particle dimension is reduced, thus 
corroborating the FTIR results. The gap shifts to small values for PA3 (H3PO4 precursor). The noticeable 
aspect of this quantum confinement indicates that the sample PA3 absorbs light over the most visible 
region.  
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 Fig. 4. (a) TGA and (b) DTA plots of Ag3PO4 
500 1000 1500 2000 2500 3000 3500 4000
0.0
0.2
0.4
0.6
0.8
1.0
3323 cm-1
1650 cm-1
1378 cm-1
550 cm-1
N
or
m
al
iz
ed
 A
bs
or
ba
nc
e 
  [
A
rb
.U
ni
t.]
Wavenumber     [cm-1]
 PA1
 PA2
 PA3
1002 cm-1
 
Fig. 5. FTIR spectra of  PA1, PA2, PA3  
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Fig. 6. Optical gap of different samples: PA1, PA2 and PA3 
 
Conclusion 
The aim of the present work is to elucidate how the phosphate precursor affects the growth and the 
physical properties of Ag3PO4 synthesized by soft chemistry at ambient temperature. The compounds 
have nano scale texture and are characterized structurally and physically. The optical characterization 
clearly showed the semi conducting like properties of Ag3PO4. 
 
Acknowledgements 
 
     This work was supported by the Algerian Ministry for Higher Education and Scientific Research.  
The authors would like to thank H. Menari and A. Keffous (CRTSE) for their support in the reflectance 
diffuse measurements and N. Souami (CRNA) for his support in SEM-EDS analysis.  
 I. Bozetine et al. /  Energy Procedia  36 ( 2013 )  1158 – 1167 1167
References 
[1]   Nijs F, Poortmans J,  Sivoththaman S, Mertens RP.  IEEE Trans. on Elect. Dev  46 1999;1948-69. 
[2]  Schubert G, Huster F, Fath P, PVSEC 14 2003;441-2. 
[3]     Rane SB, Khanna PK, Seth T, Phatak GJ, Amalnerkar DP, Das BK. Firing and processing effects on microstructure of 
fritted silver thick film electrode materials for solar cells. Mater  Chem  Sci  2003;82:237-45.  
[4] Rane SB, Seth T, Phatak GJ, Amalnerkar DP, Das BK. Influence of surfactants treatment on silver powder and its thick 
films. Mater Lett  2003;57:3096-100. 
[5]       Wohlgemuth J H, Narayanan S, Brenneman. Proc. 21st IEEE PVSC Kissimmee  1990;221-6. 
[6]  Bruton T, Mason N, Roberts S, Hartley ON, Gledhill S, Fernandez J, Russel R, Warta W,  Glunz S, Schultz O, Hermle 
M, Wileke G. WCPEC-3 Osaka 2003.  
[7]  Ruby DS, Yang P, Roy M, Narayanan S. Proc. 26th IEEE PVSC Anaheim, CA 1997;39-42. 
[8]  Horzel J, Szlufcik J, Nijs J,  Mertens R. Proc. 26th IEEE PVSC, Anaheim, CA 1997;139-62. 
[9]  Rohatgi A, Hilali M, Meier DL, Ebong A, Honsberg C, Carroll AF, Hacke P. Self-aligned self-doping selective emitter 
for screen-printed silicon solar cells  Proc. 17th EU PVSEC, Munich 2001;1307-10. 
[10]  Porter LM, Teicher A, Meier DL. Phosphorus-doped, silver-based pastes for self-doping ohmic contacts for crystalline 
silicon solar cells. Sol  Energy Mater  Sol Cells 2002;73:209-19. 
[11]     Hilali M, To B, Rohatgi A. A review and understanding of screen-printed Contacts and Selective-Emitter Formation. 
14th Workshop on Crystalline Silicon Solar Cells and Modules, Colorado 2004;109-16. 
[12]   Yujie D, Tong D, Shiru J, Long J, Fuping L. Preparation and characterization of fine silver powder with colloidal 
emulsion aphrons J  Membr Sci  2006;281:685-91. 
[13]      Thomas M, Ghosh SK, George KC. Characterization of nanostructured silver orthophosphate. Mater  lett   2002;56:386-
92. 
[14] Mellor JW, Acomprehensive treatise on inorganic and theoritical chemistry  3, London : Longmans;1936, p 486. 
[15] Dominak I. Inorganic Library of FTIR Spectra Nicodom 3;1998. 
[16]  Karvaly B, Hevesi I. Z. Naturforsch  A 26 1971;245-8.  
 
 
